The dynamics of a plasmoid chain is studied with three dimensional Particle-in-Cell simulations.
I. INTRODUCTION
Magnetic reconnection is an ubiquitous phenomenon in space, astrophysical and laboratory plasmas causing the conversion of magnetic field energy into kinetic energy of plasmas by a reorganization of the magnetic field topology. Magnetic reconnection occurs in localized spatial region, called x lines, where plasma is accelerated into/out. When magnetic reconnection develops in multiple x lines [1, 2] , the outflow plasmas from neighbor reconnection sites form high density structures, the so-called "plasmoids" [3] , organized as beads in a chain. Plasmoid chains are highly dynamic configurations: plasmoids can rapidly grow by coalescence [4] , bounce [5, 6] and eject smaller plasmoids [7] . Observational studies revealed the presence of multiple plasmoids in planetary magnetospheric environments [8] [9] [10] [11] . In addition, the possible presence of plasmoid chains has been suggested in the solar corona [12] . It has also been shown that the small scale dynamics of plasmoid chains strongly influences the large scale, fluid, dynamics of magnetized plasmas, for instance during the non-linear evolution of shear flows, where the non-linear dynamics of a chain of magnetic islands (the 2D equivalent of plasmoids) forming inside Kelvin-Helmholtz vortices can disrupt these vortices and prevent their pairing [13] .
Several recent theoretical and computational investigations focus on plasmoid chain dynamics. Early simulations studied the occurrence of plasmoid chain by MHD simulations [14, 15] . Theoretical models and simulations showed how the occurrence of secondary plasmoids affects magnetic reconnection and how fast reconnection in low resistivity plasmas can be achieved in the MHD framework via stochastic magnetic reconnection [16] [17] [18] [19] [20] [21] [22] [23] . Collisionless Particle-in-Cell simulations [24] [25] [26] [27] [28] [29] studied the dynamics of plasmoid chain focusing on kinetic effects and acceleration mechanisms in multiple magnetic island magnetic reconnection [30, 31] . Previous particle simulation studies used a reduced two dimensional geometry, neglecting current-aligned instabilities developing in the third direction, or modeled pair relativistic plasmas in three dimensions [32] . Differently from previous works on collisionless plasmoid chain, Particle-in-Cell simulations in three dimension with particle with higher mass ratios than previous studies and in a simulation set-up that resemble the Earth's magnetotail are presented in this article. This study shows that the presence of a guide field, an initial magnetic field with direction perpendicular to the reconnection plane, strongly affects the dynamics of plasmoid by changing the overall structure of the plasmoid chain 3 and introducing different instabilities in the system. To understand the role of guide field, two Particle-in-Cell simulations are carried out starting from a magnetic field configuration with and without a guide field.
The paper is organized as follows. First, the simulation model is presented in Section II.
The formation and evolution of plasmoid chain in antiparallel configuration is analyzed by studying the evolution of densities, magnetic and electric fields, flow patterns and distribution functions in Section III. The same analysis is repeated for the simulations starting from a configuration with guide field and presented in Section IV. The results of the two simulations are discussed and compared with the results of previous work in Section V. Finally, the main results are summarized in Section VI.
II. SIMULATION PARAMETERS
Simulations are carried out in a three-dimensional system, where an Harris current sheet configuration is initially imposed. The z coordinate is taken along the Harris sheet current, while the x-y plane is the reconnection plane. The plasma density profile is initialized as:
The peak density n 0 is the reference density, while the background density and varying in the y direction, is initialized:
Two simulations are carried out: a first simulation is completed starting from the initial condition described above, while a uniform guide field B g = 1/3 B 0 along the z direction is added to the magnetic field configuration in the second simulation. This guide field value has been observed during magnetic reconnection in the Earth's magnetotail [33] . These two initial configurations has been selected to show how a relatively weak guide field can dramatically change the dynamics of plasmoid chain.
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In these simulations, spontaneous magnetic reconnection is triggered following the approach presented in Refs. [29, 34] : the current, supporting the initial magnetic field configuration, is not present. As a result of this non-equilibrium, the plasma is initially accelerated toward the current sheet to establish a current consistent with the magnetic field configuration, collapsing the current sheet, triggering the tearing instability and forming plasmoid structures with spatial scales approximately 1 d i large. This non-equilibrium initial condition accelerates the reconnection initiation and the following coalescence process of the plasmoids. This approach is different from the initial condition used in previous two-dimensional Particle-in-Cell simulations [6, 35] . These studies used the island-chain equilibrium, or Fadeev equilibrium [36] , that imposes the initial presence of spatially larger scale magnetic islands where the coalescence process involves larger scale plasmoids and proceeds at a slower pace with respect to our simulations. 
III. PLASMOID CHAIN DYNAMICS IN ANTIPARALLEL MAGNETIC RECON-NECTION
A first simulation is carried out, starting from a configuration without a guide field. A tearing instability rapidly occurs and generates several plasmoids. These appear as cylindrical surfaces, characterized by enhanced density with respect to the background density, as clear in Figure 1 , where the electron density isosurfaces for n e = 1.7 n b are presented at four different times. The plasmoids merge in single points kinking during the coalescence.
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The kink of the plamoid is not only a consequence of a Kruskal-Shafranov-type kink instability [38] but it is mainly due to non uniform coalescence process. The electron density isosurfaces appear perturbed by wiggles, denoting the presence of lower hybrid waves in proximity of density gradient regions and propagating along the z direction [39, 40] . These perturbations are stronger earlier in time (panel a and b). A rather large low density region develops approximately at the center of the simulation box at time Ω ci t = 4.8. This can be easily seen in Figure 2 , where a contour-plot of the electron density on the z = L z /2 plane at time Ω ci t = 4.8 is presented. At time Ω ci t = 4.8, five plasmoids are visible in the figure.
Their electron density is 3.5 times larger than the background density, and they are approx- in previous studies of collisionless reconnection [41] [42] [43] and are detected in this work also. Figure 6 shows a contour-plot of the x component of the electron fluid velocity (v e = J e /ρ e ).
Multiple electron jets exit the x lines and they are shown in the dashed line boxes in Figure   6 . 
IV. PLASMOID CHAIN DYNAMICS IN PRESENCE OF A GUIDE FIELD
A second simulation has been carried out, starting from a configuration with guide field.
Its presence strongly influences the dynamics of the plasmoid chain. As in the first simula- tion, plasmoids form as a result of the tearing instability. The coalescence process proceeds at a pace that is comparable to the one in the antiparallel case. This is clear from comparing the number of plasmoids present at different snapshots of electron density in Figure 1 and 7, where approximately the same number of plasmoids is present at the same time snapshot.
In addition, the guide field introduces a twist in the plasmoid structures as macroscopic result of the Lorentz force. This can be seen in panels c) and d) of Figure 7 . Lower hybrid waves perturb the density isosurfaces, as in the other simulation without a guide field, but propagating obliquely to the guide field and density gradient directions [40] . An helix shape magnetic field develops around the plasmoids in the case of guide field reconnection, as visible in the two panels of Figure 8 . We recall that magnetic helicity, that is a conserved quantity in MHD framework, is not necessarily conserved in the kinetic approach. A strong unipolar magnetic field in the z direction forms at the center of the plasmoids. imately equal to the asymptotic magnetic field B 0 and it is unipolar. The outer electron diffusion region is disrupted in guide field reconnection as previous studies showed [44, 45] . In a previous work [29] , it has been shown that electron streaming instabilities occur during multiple island reconnection in two dimensional geometry. In particular, the electron two-stream instability is shown to be responsible for the formation of bipolar parallel electric field structures surrounding the magnetic islands. Such kinetic instability appears when counter-streaming electrons are found at the same position. In a two dimensional system, this instability cannot develop in the third dimension. It is thus a priori not clear that the same mechanism can be found in tridimensional cases. In this paper, we show that the formation of bipolar electric field structures due to electron streaming kinetic instabilities can also occur in the three dimensional configuration in presence of a guide field. The wave activity is shown in Fig. 12 field projected along the local magnetic field). When examining the electron fluid velocity in Fig. 11 , the same region of space appears as a region of high velocity shear. However, an electron shearing instability has not been observed in this numerical experiment, at least until the end of the simulations.
In previous two dimensional simulations [29] , the bipolar parallel electric field structures were found along the separatrices. In three dimension, the same signature does not appear to be located on the separatrices, at least in the plane of the two dimensional cut shown in configuration [29] . Because of the more complex magnetic topology in three dimensions, the electron population accelerated by magnetic reconnection at two nearby x lines do not necessarily encounter each other and therefore the electron two-stream instability is not expected to be triggered. On the contrary, the electron bump-on-tail or the Buneman instabilities are more likely to occur in three dimensional configurations with a guide field.
To identify the nature of the kinetic instability at play, the electron distribution function f e (v x ) is computed at time Ω ci t = 4.8 and plotted in Fig. 13 , at two different locations:
(i) at the edge of the wave-packet observed in of the unstable distribution function is observed with the formation of a plateau in the (space-integrated) velocity space (blue line) at the location of the center of the wave-packet.
This enables to identify the formation process of the wave-packet observed in Fig. 12 as an electron bump-on-tail instability. To better understand the kinetic dynamics at play in this numerical experiment, the electron distribution function is computed in the phase space potential wells of the wave-packet. The trapped electrons is a signature of the saturation of the bump-on-tail instability. It is seen as electron holes in the phase space (Fig. 14) and as a plateau in the space-integrated velocity distribution function (Fig. 13) . We note that the electron holes form as a consequence of the bump-on-tail instability that develops at the later stages of our simulations. Streaming instabilities are not present at the early stages of plasmoid chain dynamics since initially the electron beams along the separatrices are not enough intense to trigger streaming instabilities [29] . The characteristics of electron holes along reconnection separatices have been discussed in previous studies reporting two and three dimensional Particle-in-Cell simulations [45] [46] [47] . It has been found that the typical size of the electron holes is approximately 16 Debye lengths, and the bipolar structures are generated by streaming instability along reconnection separatrices. The presence of guide field and the use of different simulation charge to mass ratio influence the streaming instability along reconnection separatrices and the following formation of electron holes [45] . 
V. DISCUSSION
The Particle-in-Cell simulations of plasmoid chain dynamics in three dimensions have been presented. Two Particle-in-Cell simulations of plasmoid chain evolution with and without a guide field allowed us to assess the effect of guide field in the evolution of the plasmoid chain. The overall dynamics for the two cases is similar in few aspects. In both cases, the tearing instability produces multiple x lines magnetic reconnection sites. However, in the case of antiparallel magnetic reconnection a main reconnection site, comprising smaller ones, forms leading to an hierarchical structure of the current sheet. A hierarchical selfsimilar structure of the plasmoid-dominated current sheet was observed in previous fluid simulations [23, 48] . This hierarchical structure in antiparallel reconnection might be caused by lower hybrid drift instability that leads to a non uniform thinning of the current sheet [49] .
In fact, waves in the range of the lower-hybrid frequency have been observed propagating along the z axis in the simulations: early in time in the antiparallel configuration, and at the end of the simulation in presence of a guide field.
It has been shown that a core field arises only in presence of a guide field, while it is absent when starting from an antiparallel set-up. This is in agreement with the idea that plasmoid core field originates from a compression of a pre-existing seed guide field [50, 51] .
In addition, the core field of several plasmoids develops in the parallel to the initial guide field, suggesting the hypothesis that all the plasmoids originating from the same current sheet with uniform guide field present all the same polarity.
The presence of electron holes in plasmoid chain has been first revealed by two dimensional Particle-in-Cell simulations in Ref. [29] and it is now confirmed by three dimensional simulations. However, in the two dimensional geometry electron holes are localized along the separatrices and driven by two stream instabilities, while in the three dimensional case they are not necessarily along the separatrices and they are caused by bump-on-tail instability. We have discussed the occurrence of an electron kinetic instability, as a secondary instability of the kinetic tearing instability in presence of a guide magnetic field. When an initial guide magnetic field is not present, we do not observe similar bipolar parallel electric field structures in our simulation. Because of the huge computational resources needed in three dimensional kinetic simulations, we decided not to run the simulations for too long. It is thus not straightforward to conclude that the bipolar structures and streaming instability are absent in the case of antiparallel reconnection. Further numerical experiments running for longer simulation time will be necessary to properly evaluate the efficiency of kinetic electron streaming instabilities in three-dimensional geometry without a guide field.
In our simulations the central region of the magnetic islands is characterized by high density. In fact, plasmoids collect the outflow plasma from adjacent reconnection x lines,
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progressively increasing their density. This is in agreement with some observations of density enhancement in the magnetic island [2, 52] , but it is not with recent studies where the density dips are observed in the central region of the plasmoid [9, 53] . One possible explanation to this discrepancy is that the spacecrafts crossed regions of space where the coalescence phenomenon is ongoing. It has been shown in the present work and previous two dimensional simulations [29] that the density structures are rather complex in coalescing regions and they are characterized by relatively low density and electrostatic instabilities. 
